Abstract
Introduction
Multiple trials of endovascular stroke therapy (EST) in 2015 established this treatment as a major advance in acute ischemic stroke care [1] [2] [3] [4] [5] . The results of these trials were in stark contrast to a series of negative studies released in 2013 [6] [7] [8] . This improvement was due in large part to the improved efficacy of stent retrievers as well as advances in patient selection, such as use of the Alberta Stroke Program Early CT Score (ASPECTS) to quantify early ischemic injury [3] [4] [5] . ASPECTS is 10-point scale that divides and assigns 1 point to 10 anterior circulation regions in each hemisphere: three deep regions (lentiform nuclei, caudate, internal capsule), four cortical regions at the level of the basal ganglia (M1, M2, M3, insula), and three cortical regions above the basal ganglia level (M4, M5, M6) [9] . In many of these landmark trials an ASPECTS ≥6 was required for inclusion, and as a result the American Heart Association guidelines that soon followed the release of these studies adopted this criterion [10] . While this criterion helped contribute to the large treatment effect sizes of the trials, it opens up questions about why not all patients with favorable ASPECTS do well in spite of rapid reperfusion, and whether patients with lower ASPECTS may still benefit from therapy [11] .
Previous studies have demonstrated that infarct location, in addition to size, determines clinical outcomes [12] . Further, functional recovery after stroke is highly correlated with the type and location of injured brain tissue [13] [14] [15] [16] . As such, while ASPECTS assigns each of its components the same value, it is unlikely that they are in fact contributing to disability outcomes equivalently.
The key question in the neuroimaging evaluation of a patient presenting with large vessel occlusion is whether the existing infarct precludes any reasonable chance of benefit EST may provide. To answer this question, a more accurate measurement may be one that takes into account not only the infarct volume, but also the relative eloquence of the affected regions. To date, the relative contribution of each ASPECTS region to poststroke disability remains poorly characterized. In this study, we derived regional weightings of ASPECTS components and then assessed whether this weighted model improves clinical outcome prediction.
Methods

Study Design and Participants
We performed a pooled, post hoc, exploratory analysis of the Solitaire Flow Restoration with the Intention for Thrombectomy (SWIFT) [17] , Solitaire Flow Restoration Thrombectomy for Acute Revascularization (STAR) [18] , and Solitaire Flow Restoration with the Intention for Thrombectomy as Primary Endo-vascular Treatment (SWIFT PRIME) [3] clinical trials. The study designs have been described in detail previously [3, 17, 18] . STAR was a prospective, single-arm, multicenter study conducted from January 1, 2010 through December 31, 2012 in which all acute ischemic stroke patients with anterior circulation large vessel occlusion were treated with the Solitaire stent retriever (Medtronic, Dublin, Ireland). SWIFT was a randomized clinical trial conducted from January 1, 2010 through December 31, 2011 that included acute ischemic stroke patients with anterior circulation large vessel occlusion confirmed on angiography. The patients were allocated either to the Solitaire stent retriever or the Merci device (Concentric Medical, Mountain View, CA, USA). SWIFT patients in the Solitaire roll-in phase were included. In both STAR and SWIFT, patients were included only if EST was feasible within 8 h of symptom onset. Intravenous thrombolysis was recommended to eligible patients within 4.5 h of symptom onset without any contraindications. In SWIFT PRIME, acute ischemic stroke patients with confirmed anterior circulation large vessel occlusion were randomized between intravenous tissue plasminogen activator followed by EST with a stent retriever and intravenous tissue plasminogen activator alone. The trial ran from December 2012 until November 2014. The clinical endpoints in all trials included blinded assessment of 90-day modified Rankin Scale (mRS) score. SWIFT was conducted in the United States, STAR in Europe, Canada, and Australia, and SWIFT PRIME in the United States and Europe. For all the trials, independent core laboratories and clinical event committees adjudicated imaging and clinical outcome data. All patients gave their informed consent, and the study protocol was approved by the institutional review board.
Patients were included in our study if they underwent EST with the Solitaire device for either internal carotid artery (ICA) or middle cerebral artery occlusion, had suitable follow-up 24-h CT imaging, and did not have symptomatic intracerebral hemorrhage. Symptomatic intracerebral hemorrhage was defined as any hemorrhage within 24 h associated with an increase of ≥4 points on the National Institutes of Health Stroke Scale (NIHSS) or that resulted in death.
Imaging Review and Analysis
The details of imaging analysis for each study have been described earlier. All patients underwent 24-h imaging studies. For consistency, only patients with 24-h CT scans were included, and all ASPECTS scoring was performed off CT imaging. ASPECTS on 24-h CT was evaluated in total as well as by subcomponents: lentiform nuclei, caudate, internal capsule, insula, anterior inferior frontal lobe (M1), temporal lobe (M2), inferior parietal and posterior temporal lobe (M3), superior anterior frontal lobe (M4), precentral and superior frontal lobe (M5), and superior parietal lobe (M6).
EST Procedure
The EST procedures of SWIFT, STAR, and SWIFT PRIME have been discussed previously [3, 17, 18] . The use of a balloon guide was mandatory in the SWIFT and STAR studies whereas it was optional in SWIFT PRIME. The study protocols allowed up to three passes with stent retrievers; performance of additional passes at the discretion of the interventionalist was considered as a protocol violation.
Statistical Analysis
Categorical variables were compared between groups using Fisher's exact test, and continuous variables were evaluated with Student's t test or the Wilcoxon rank sum test (when median and IQRs are reported). A two-sided p value < 0.05 was considered significant and all estimates were calculated for 95% CI. A p value < 0.1 was considered as a trend towards significance. All statistical analyses were conducted in SAS, version 9.3 (SAS, Cary, NC, USA).
The study population was then randomly divided into derivation (2/3) and validation (1/3) cohorts, and weightings for each ASPECTS subregion on the 24-h CT were generated in the derivation cohort by ordinal logistic regression against the 90-day mRS score, adjusted for age, baseline NIHSS score, and target occlusion location. This analysis was performed separately for the right and left hemispheres. In order to minimize the impact of final infarct volume on functional outcomes, each subcomponent score was normalized against the total number of involved regions prior to the regression. This analysis was also performed against day 7-10 or discharge NIHSS score.
A weighted ASPECTS (wASPECTS) was created by using the parameter estimates from the regressions for the right and left hemispheres as each subcomponent's new ASPECTS value. We then compared the discriminative ability of the wASPECTS against original ASPECTS for predicting mRS score 0-2 versus mRS score 3-6 at 90 days by receiver operating characteristic curves and their corresponding C-statistics. These comparisons were made first in the derivation cohort and then in the independent validation cohort.
Results
Among the 542 patients that were enrolled in SWIFT (n = 144), STAR (n = 202), and SWIFT PRIME (n = 196), 342 patients met the inclusion criteria and were included in the study. In this cohort, the mean age was 67 ± 13 years, 57% were female, and the median NIHSS score was 17 (IQR [13] [14] [15] [16] [17] [18] [19] [20] , as shown in Table 1 . Median presentation CT-ASPECTS was 8.0 (IQR 7-10), the mean time from symptom onset to reperfusion was 301 ± 99 min, and 85% of the patients achieved TICI 2b/3 reperfusion. On 24-h CT, ASPECTS was 9-10 in 69 (20.2%) patients, 6-8 in 166 (48.5%) patients, and 0-5 in 107 (31.3%) patients. Compared to patients with 24-h ASPECTS 9-10, those with ASPECTS 0-5 had higher presentation NIHSS score (16 vs. 18 ), higher frequency of ICA occlusion (12 vs. 16%), lower rates of TICI 2b/3 reperfusion (96 vs. 71%), lower presentation ASPECTS (10 vs. 7), longer onset to reperfusion time (289 vs. 340 min), and were less frequently female (64 vs. 47%).
On 24-h CT, the most commonly involved ASPECTS regions were the lentiform nuclei (70%), insula (55%), and caudate (52%). The frequency and distribution of individual subcomponents of 24-h ASPECTS are shown in Figure 1 . The most common ASPECTS was 8, and the majority of patients had ASPECTS ≥5, though the entire range of ASPECTS from 0 to 10 was represented. Similarly, although caudate, lentiform nuclei, and insula were the most commonly involved regions, each ASPECTS subcomponent was involved in at least 15% of the entire population.
In the derivation cohort, the relative contribution of each ASPECTS subcomponent to the 90-day ordinal mRS score was assessed. In the right hemisphere (Table 2) , involvement of the M4 and M6 regions was significantly associated with higher mRS score. Overall, the ORs for the cortical regions (M1-M6) were greater than those for the deep regions (caudate, lentiform nuclei, and internal capsule), with the notable exception of the M3 region. For the left hemisphere (Table 2) , none of the regions reached statistical significance, though in contrast to the right hemisphere, involvement of the M3 region showed a trend towards significant increase in mRS. Similar to the right hemisphere, involvement of the M5 and M6 regions showed association with higher mRS score. Again, the overall contribution of the deep regions was less than that of the cortical regions. These data are represented in Figure 2 .
This analysis was then repeated with the same derivation cohort using day 7-10 or discharge NIHSS score as the outcome measure. The results of these analyses are presented in Figure 3 . Again, cortical regions were found to have greater influence on ordinal day 7-10 or discharge NIHSS score compared to deep regions. In addition, similar differences in regional contributions were observed from the right to the left hemisphere, and specifically, the M3 region had a higher parameter estimate in the left as compared to the right hemisphere.
The parameter estimates in Table 2 were then used to create a wASPECTS. All regions were included regardless of p value, and the model was evaluated for predicting dichotomized mRS score 0-2 versus mRS score 3-6 at 90 days using receiver operating characteristic curve analysis. The results of this analysis in the derivation arm are demonstrated in online supplementary Figure 1 (see www.karger.com/doi/10.1159/000492400 for all online suppl. material). Compared to the original ASPECTS, both right and left hemisphere wASPECTS demonstrated improved discrimination in the derivation arm as shown in Table 3 Table 3 . The wASPECTS for right hemisphere demon- Table 3 .
Discussion
In this study of 342 patients treated with EST, we examined the relative contributions of each ASPECTS subregion towards 90-day disability outcomes. The findings in our study demonstrate that ASPECTS regions contribute differentially towards clinical outcomes, and as such, patients with identical ASPECTS values but different regions of involvement may have dramatically different baseline injuries and responses to EST. With regards to functional outcomes, involvement of the high cortical regions (M4-M6 on the right hemisphere and M3, M5, and M6 on the left hemisphere) contributed substantially more towards greater disability as compared to involvement of deep structures. Our findings support the concept of considering not only the total number of ASPECTS regions involved when deciding on treating a patient with EST, but also the hemisphere and location of the involved regions. Patients with lower ASPECTS on 24-h CT presented with greater NIHSS score at presentation, greater frequency of ICA occlusion, lower rates of TICI 2b/3, and longer times from onset to recanalization. In adjusted ordinal regression analysis, ASPECTS subregions demonstrated wide variability in contributions to mRS disability scores at 90 days, with both regionto-region as well as hemisphere-to-hemisphere variability. Specifically, involvement of cortical regions was more strongly tied to higher mRS score than deep regions. Thus, the likelihood of benefit from revascularization of a patient with involvement of cortical regions may be less than that of a patient with deep involvement alone. In addition, involvement of the M3 region on the left hemisphere, but not the right, showed a strong trend towards greater disability, possibly representing language function. wASPECTS demonstrated improved discrimination in the derivation cohort as well as in independent validation for the right, but not left, hemisphere.
Many of the variables that we found to be associated with lower 24-h ASPECTS are consistent with increased stroke severity. NIHSS score, ICA occlusion, lower rates of complete reperfusion, and longer times from onset to recanalization have been associated with poor outcome [19, 20] . Similarly, predictors of poor outcome are known to correlate with increased final infarct volume [21] . Additionally, there exists a strong correlation between baseline imaging parameters and 24-to 48-h infarct volumes [22] . Various post hoc exploratory analyses of the SWIFT PRIME [23] and ESCAPE [24] trials have demonstrated the 24-to 48-h infarct volumes as a strong predictor of 90-day mRS score. However, laterality of the infarction was not observed to be a significant predictor for 90-day clinical outcomes [24] .
Our findings that there is a differential influence on clinical outcomes for ASPECTS regions are consistent with prior studies. Phan et al. [12] evaluated the use of initial CT-ASPECTS subregions in a National Institute of Neurological Disorders and Stroke recombinant tissue plasminogen activator study cohort and observed that M6 involvement in elderly patients was associated with poor clinical outcomes. Similarly, Khan et al. [25] recently illustrated the involvement of either M3 or M6 as key predictors of poor outcome in patients with distal occlusion of M2 segments. However, these studies utilized pretreatment CT-ASPECTS and did not account for ischemic core expansion and final infarct volumes. In a small, single-center cohort, Rangaraju et al. [26] demonstrated left M4 and right M6 subregions on DWI-ASPECTS to be independently associated with 3-month clinical outcomes. We also noted the relative importance of the peri-rolandic M6 region in our cohort, which represents the relative eloquence of the primary motor cortex and adjacent subcortical white matter. Interestingly, subcortical structures including the internal capsule for both cerebral hemispheres were less strongly associated with disability outcomes. These results are similar to those of prior studies and may represent the difficulty associated with determinations of internal capsule viability on noncontrast head CT [12, 25, 27] .
One of the large questions that remain unanswered regarding patient selection in EST is the suitability of EST for patients with large infarct cores at presentation. A recent subgroup analysis of MR CLEAN suggested that patients with ASPECTS 5-7 should be treated with intra-arterial therapy [11] . Compared to patients with ASPECTS 8-10, slightly fewer ASPECTS 5-7 patients had good functional outcomes, while an equivalent number demonstrated moderate functional outcomes. This study further suggested a heterogeneous effect with marginal absolute benefit for patients with ASPECTS 0-4. Similarly, the authors of IMS-III observed no interaction between ASPECTS (> 8 vs. ≤7) pertaining to intra-arterial treatment [28] . Interestingly, 21% of 92 patients with ASPECTS 0-4 had good functional outcome. Thus, while the frequency of good outcomes is lower in patients presenting with poorer ASPECTS, there remains a population that likely benefits.
In this study we derived a wASPECTS from parameter estimates of a multivariate regression and demonstrated improved discrimination for clinical outcomes on 24-h CT relative to the original ASPECTS. This wASPECTS could be used in clinical settings in several different ways. Most directly, the wASPECTS itself can be readily calculated as the weighting values are constant. Alternatively and more readily, however, the findings of the wASPECTS, which relay the relative importance of cortical regions compared to deeper territories, can be incorporated intuitively when interpreting CT images of stroke patients considered for EST.
Our study has some limitations. Although only high-volume stroke centers participated in the SWIFT, STAR, and SWIFT PRIME studies, our study was an exploratory subgroup analysis and is accompanied by the limitations of pooled post hoc analyses. Additionally, caution is warranted in utilization of our findings in the real world, given that all imaging was adjudicated to an independent core laboratory without the time pressures seen in acute settings. Additionally, for the majority of patients in our study, final infarct ASPECTS was determined by 24-h CT scan. CT at this time point may over-or underestimate the degree of infarction. A later scan or use of MRI in all patients may provide improved infarct visualization, though this would limit generalizability. In addition, while in clinical practice ASPECTS is used as an imaging parameter at the time of presentation, we chose to derive our models from 24-h CT imaging. This study design decision was made intentionally, as the final infarct will correlate more strongly with outcome than presentation CT imaging, in which not all areas of injuries are readily seen or have gone on to eventual injury.
In conclusion, we illustrate the wide variability in impact on 90-day disability outcomes across the different ASPECTS regions. For both right and left hemispheres, preservation of the high cortical regions was more strongly associated with improved outcomes compared to the deep regions. Our findings support taking into consideration not only the total ASPECTS, but also the location and relative weightings of the involved regions when evaluating a patient for EST.
